INTRODUCTION
Comparative genomics is the reference tool to identify essential biological functions, yet comparing genome sequences is not always successful. Indeed, there is no one-to-one correspondence between structure and function, and it has recently been shown that comparing 1000 prokaryotic genomes leaves no protein coding gene in common to all prokaryotes (Lagesen et al., 2010) . Direct experimental approaches must be used to identify essential enzymes when they have no common ancestor. A case in point is the activity of nanoRNases, the enzymes that degrade RNA remaining after the action of processive RNases on long RNA molecules, in particular mRNAs. Investigation of RNA degradation in prokaryotes showed that different sets of enzymes can be devoted to this process in different bacteria. In the Gram-negative model bacterium Escherichia coli, close to 20 RNases have been identified so far (Arraiano et al., 2010) . In this organism, the essential RNase E initiates the degradation of RNA endonucleolytically (Condon, 2007) , and other RNases exhibiting a 39 to 59 activity complete RNA degradation. RNase II produces 3-to 5mers or 4-to 6mers (Cheng & Deutscher, 2002) as end products of degradation, whereas RNase R produces 2-to 3mers (Cheng & Deutscher, 2002; Vincent & Deutscher, 2006) . The complete degradation of mRNAs requires the activity of oligoribonuclease (Orn) (Yu & Deutscher, 1995) , the only E. coli exoribonuclease able to degrade 2-to 5mers (Zhang et al., 1998) . These very short RNA oligos have been termed 'nanoRNAs' to distinguish them from the longer microRNAs (Mechold et al., 2007) . Orn activity was shown to be essential in E. coli (Ghosh & Deutscher, 1999) . When accumulated, nanoRNA can be used to prime transcription initiation and alter global gene expression (Goldman et al., 2011; Nickels & Dove, 2011) . NanoRNase activity of Orn and its human homologue, Sfn, was shown to be inhibited by 39-phosphoadenosine 59-phosphate (pAp) in vitro (Mechold et al., 2006) . Among the RNases with the ability to degrade nanoRNA are NrnA and NrnB from Bacillus subtilis (Fang et al., 2009) . Similarly to Orn from E. coli, these enzymes strongly prefer nanoRNA as substrate over longer RNA molecules. NrnA homologues are widely present in bacterial species that do not have a homologue of Orn. In addition to its activity on nanoRNA, NrnA can degrade pAp (Mechold et al., 2007) . In contrast to an earlier report on the NrnA homologue of Streptococcus mutans (Zhang & Biswas, 2009) , bifunctionality seems to be common among NrnA homologues (Postic et al., 2012) . NanoRNases from Gammaproteobacteria and A+T-rich Firmicutes, in particular, have widely divergent structures while displaying the same activity (Fang et al., 2009) . In Chlamydiae, Cyanobacteria and Alphaproteobacteria, no counterparts of the enzymes of either the Gammaproteobacteria or the Firmicutes were readily identified from the available genome sequences. In the class Alphaproteobacteria, numerous genera belonging to the order Rhizobiales contain plant symbionts (Stacey et al., 2006) . Other members of the Rhizobiales, such as Brucellaceae and Bartonellaceae, are described as pathogenic for mammals (Guerra, 2007; Minnick & Battisti, 2009 ). The genus Bartonella comprises a unique group of facultative intracellular bacteria that use haemotrophism and arthropod transmission as a mammalian parasitism strategy (Chomel et al., 2009) . Among the 25 species identified to date (Guptill, 2010) , 10 were shown to be human pathogens. Bartonella species are recognized to be responsible for emerging zoonoses (Breitschwerdt et al., 2010) . Genomes of Bartonella species sequenced to date are short, 1.4-1.9 Mb in size (Alsmark et al., 2004) , and are the smallest of the order Rhizobiales. A search for genes with homology to genes that are required for growth of E. coli revealed that homologues of 38 of these essential E. coli genes are not present in Bartonella genomes. In particular, no counterparts of either the Gammaproteobacteria or the Firmicutes nanoRNases were readily identified from the Bartonella genome sequences. Here we identify a functional Orn analogue in the Alphaproteobacteria family member Bartonella birtlesii. This protein, BA0969 (now renamed NrnC), was identified by screening a genomic library of B. birtlesii for genes that can complement a conditional lethal orn mutant in E. coli. NrnC was characterized both in vitro and in vivo in E. coli and Bartonella henselae.
METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. E. coli strains were grown on LuriaBertani (LB) medium (Sigma) or M63 minimal medium aerobically at 37 uC (Miller, 1972) . M63 medium was supplemented with 0.4 % glycerol as carbon source. Solid media contained 1.5 % Difco agar. When required, ampicillin (Amp) or kanamycin (Km) was added to a final concentration of 50 mg ml
21
. Arabinose was added to a final concentration of 0.2 % for induction of the P ara promoter as indicated. Anhydrotetracycline (Atc) was added to a concentration This study of 250 ng ml 21 for induction of the P Ltet-1 promoter. B. birtlesii and B. henselae were grown on 5 % defibrinated rabbit blood brain heart infusion (BHI) agar (Difco) or in Schneider's medium (Gibco) supplemented with 10 % fetal calf serum (Riess et al., 2008) at 35 uC under 5 % CO 2 atmosphere.
Physiological characterization of nrnC knockdown strains. To evaluate the effect of nrnC knock down on growth of Bartonella, the test strains were grown both in Schneider's liquid medium and on BHI blood agar plates. B. henselae pNS2Trc and B. henselae pNS2Trc : : nrnC AS were collected after 5 days growth on BHI blood agar plates and suspended in Schneider's medium. The OD 600 of the bacterial suspension was adjusted to 0.05. Then, 2 ml of this suspension was poured into a 12-well plate and grown at 35 uC in the presence of 5 % CO 2 . OD 600 was checked on days 2, 4, 6 and 7 after inoculation. Serial dilutions of the bacterial suspension were plated on BHI blood agar plates, and colony size was evaluated after 6 and 10 days growth at 35 uC in the presence of 5 % CO 2 .
Genetic techniques. E. coli cells were transformed by the calcium chloride method (Maniatis et al., 1989) or electroporation (Dower et al., 1988) . Bartonella cells were transformed by electroporation (Riess et al., 2003) .
DNA manipulations. B. birtlesii chromosomal DNA was isolated using the Wizard Genomic DNA purification kit (Promega). Smallscale plasmid DNA preparation was performed by using a QIAprep Spin Miniprep kit (Qiagen). Restriction endonuclease digestions and ligation were carried out according to the manufacturer's recommendations. DNA fragments were amplified in a Hybaid PCR thermocycler using Phusion DNA polymerase (Finnzymes). Nucleotide sequencing was performed by Eurofins MWG Operon. Purification of DNA fragments from PCRs, restriction reactions or agarose gels was performed using a Macherey-Nagel NucleoSpin Extract II kit.
Preparation of the B. birtlesii genomic library. B. birtlesii DNA was submitted to partial digestion by Sau3AI. After migration on 1 % agarose gel, fragments of 2-3 kbp in length were purified from agarose and partially filled with A and G using DNA Polymerase I, Large (Klenow) Fragment (Invitrogen). Plasmid pACYC184 was digested by SalI, purified and partially filled with C and T using DNA Polymerase I, Large (Klenow) Fragment (Invitrogen). Vector and chromosomal DNA fragments were mixed, ligated and introduced into E. coli strain XL1-blue by using electroporation.
Construction of a recombinant vector expressing NrnC from B.
birtlesii. The complete B. birtlesii nrnC gene with a C-terminal His-tag (His 6 ) was synthesized according to the E. coli codon usage (Millegen) (see Supplementary Fig. S1 , available with the online version of this paper). The synthetic gene coding for the C-terminally His 6 -tagged nrnC gene was amplified by PCR using primers ornBbamontsynt and ornBbavalsynt ( Table 2 ). The amplified products (682 bp) were purified, digested with NheI and KpnI, and ligated with pBAD24 plasmid digested with NheI and KpnI. Ligation mixtures were introduced into CaCl 2 -competent E. coli strain XL1-blue cells. Transformants were screened by PCR with primers ornBbamontsynt and ornBbavalsynt. Six PCR-positive clones were then sequenced.
henselae. The complete B. henselae nrnC gene (named rnd1 in the B. henselae genome database NC_005956) was amplified by PCR with primers ornBhamont and ornBhaval (Table 2) using B. henselae chromosomal DNA as template. The 658 bp PCR product was purified, digested with NheI and KpnI, and ligated with pBAD24 plasmid digested with NheI and KpnI. Ligation mixtures were introduced into CaCl 2 -competent E. coli strain XL1-blue cells. Transformants were screened by PCR with primers ornBhamont and ornBhaval (Table 2) . Six PCR-positive clones were then sequenced.
Construction of the vector to decrease the amount of NrnC in B. henselae. The entire coding region of nrnC (named rnd1 in the B. henselae genome database NC_005956) was amplified by PCR from B. henselae chromosomal DNA using primers ornantisensamt, containing a BamHI restriction site, and ornantisensavl, containing an XbaI restriction site ( Table 2 ). The 627 bp PCR product was purified, digested with BamHI and XbaI, and then ligated with plasmids pNS2Amp or pNS2Trc digested with BamHI and XbaI. Ligation mixtures were introduced into CaCl 2 -competent E. coli strain XL1-blue cells. Transformants were screened by PCR with primers ornantisensamt and ornantisensavl. For each plasmid, six PCRpositive clones were then sequenced.
Expression and purification of NrnC His-tagged protein. Strain JP313 (pBAD24 : : nrnC-s) was grown overnight at 37 uC in LB medium containing 50 mg Amp ml 21 . One litre of LB medium containing 50 mg Amp ml 21 was inoculated to OD 600 0.05 with the overnight culture and grown at 37 uC. Expression was induced at OD 600~0 .5 for 4 h by adding arabinose (0.2 % final concentration). Bacteria were harvested by centrifugation for 10 min at 3000 g at 4 uC, and the pellet was suspended in 20 ml binding buffer (50 mM Tris/HCl, pH 8.0, 250 mM NaCl). Bacteria were lysed by incubation at 4 uC for 30 min in the presence of lysozyme (1 mg ml 21 ) and sonication (7 s sonication followed by a 3 s pause) for 30 min. The suspension was then centrifuged at 13 000 g for 30 min at 4 uC. The supernatant containing the soluble fraction was mixed with 500 ml Ni-agarose beads (Qiagen) and purified following the manufacturer's protocol. Purified protein was dialysed twice against a buffer containing 50 mM Tris/HCl and 250 mM NaCl to eliminate any residual imidazole. The protein was estimated to be .95 % pure through SDS gel electrophoresis and was stable for several months when kept at 220 uC with 20 % glycerol.
NrnC activity assays. Activity assays on nanoRNA were performed on a custom-made RNA fluorescent-tagged 5mer (59Cy5-AAAAA39) as described previously (Mechold et al., 2007) . The optimal buffer for NrnC activity was 50 mM Tris/HCl, pH 8.0, containing 5 mM MgCl 2 For analysis of the reaction products, 1.5 ml of sample was resolved by electrophoresis through 22 % polyacrylamide (PAA) gel prepared in 26 TBE running buffer. Fluorescent RNA oligos were visualized using a Molecular Dynamics STORM 860 in 650 nm long-pass filter mode. Data quantification was based on defining the total amount of fluorescence measured in the substrate and the reaction products for each time point and expressing the amount of each reaction product as a fraction of the total. Comparison of NrnC activity on 5mer A (59Cy5-AAAAA39), 5mer C (59Cy5-CCCCC39), 3mer A (59Cy5-AAA39) and 3mer C (59Cy5-CCC39) was performed in 20 ml reactions containing 50 mM Tris/HCl, pH 8.0, 5 mM MnCl 2 , 0.15 mM substrate and 0.06 mg protein (120 nM). Relative activities were measured by following the disappearance of substrate 5mers or 3mers.
NrnC activity on 24mer RNA. Analysis of NrnC activity on a longer substrate was performed using a custom-made 24meric RNA oligo (59CACACACACACACACACACACACA39) 59-end labelled with [c-
33 P]ATP as described previously (Fang et al., 2009) . The estimated concentration of labelled substrate was 1.66 pmol ml 21 . Five microlitres of substrate was first incubated for 5 min at 37 uC with 45 ml of buffer containing 50 mM Tris/HCl, pH 8.0 and 5 mM MnCl 2 . Reactions were started by adding 0.5 mg NrnC. Aliquots (6 ml) were taken at the times indicated and added to an equal volume of loading buffer and set on ice to stop the reaction. After 3 min at 95 uC, 7 ml of the samples was resolved on a 20 % PAA, 7 M urea gel containing 26 TBE. Labelling of the Decade-marker was performed as described previously (Mechold et al., 2007) .
Protein analysis by electrophoresis. Proteins were analysed by SDS-PAGE (Laemmli, 1970) on 12 % PAA-SDS gels, followed by Coomassie blue staining.
Protein assay. The concentration of the protein was determined using the BC Assay protein quantification kit (Interchim).
Statistical analysis. Data regarding colony diameter measured on blood agar plates for the B. henselae wild-type strain and the B. henselae nrnC knockdown strain are reported as mean±SEM of 10 colonies. The experiments were performed three times. Statistical significance of the data was ascertained by use of Student's t-test. A value of P,0.05 was considered significant.
Phylogenetic analysis. The sequence of the B. birtlesii nrnC locus was deposited at the EMBL-EBI under accession no. HE603915. A total of 1705 completely sequenced bacterial genomes deposited before October 2011 in the EMBL-EBI database were analysed for the presence of homologues of the NrnC protein using FASTA comparisons.
RESULTS

Identification of a functional analogue of Orn in B. birtlesii
To search for the gene coding for a potential nanoRNase, we constructed a genomic library of B. birtlesii. This genomic library was introduced into the conditional orn mutant of E. coli (strain UM341) by electroporation. In this strain, orn expression is under the control of the Atc-inducible promoter P Ltet-1 (Mechold et al., 2007) . A growth defect of this mutant strain was easily observable on LB plates without Atc. Transformants of this strain with the vector control (pBAD24) produced pinpoint-sized colonies after overnight growth in the absence of Atc whereas growth of the mutant strains expressing a plasmid-borne copy of orn from E. coli (pUM408) was not affected on LB plates lacking Atc (Mechold et al., 2006) . After introduction of the B. birtlesii genomic library into strain UM341, three clones exhibited normal growth on LB plates in the absence of Atc. Two clones were shown to harbour a recombinant plasmid encoding a MucR family transcriptional regulator (Mueller & González, 2011 ) that can interfere with the P Ltet-1 promoter. One recombinant plasmid contained the structural gene coding for BA0969. This protein had been annotated as an RNase D using sequence comparisons as the exonuclease domains of RNase D and BA0969 are 30 % identical. In fact, most of the amino acids that constitute the conserved motifs, ExoI, II and III (Zuo & Deutscher, 2001) , and many other amino acids that are highly conserved in RNase D family members, are present in BA0969. BA0969 can be placed into the DEDDy subfamily of DEDD exonuclease proteins (Zuo & Deutscher, 2001 ). The DEDDy residues are represented by Asp25 and Glu27 in ExoI, Asp84 in ExoII, and Tyr151 and Asp155 in ExoIII. The DW-x(2)-RPL motif, which is the signature of the RNase D family, is only partially conserved in BA0969 as the conserved Arg and Leu residues are missing (Fig. 1) . BA0969 and E. coli Orn show some local homology in the N-terminal part of the two proteins covering approximately 35 amino acids (data not shown). This raises the possibility that this region might be involved in determining substrate specificity. We cloned ba0969 into plasmid pBAD24 giving pBAD24 : : nrnC, and this plasmid, as well as the vector control, was introduced into strain UM341. Strain UM341 harbouring the pBAD24 vector control produced pinpointsized colonies on LB plates without Atc, whereas strain UM341 containing pBAD24 : : nrnC formed normal-sized colonies on LB plates without Atc as compared with those on LB plates that contained Atc (Fig. 2) . Thus, expression of BA0969 (now renamed NrnC) could complement the lack of Orn in E. coli, suggesting that this protein is able to degrade nanoRNA in vivo in E. coli.
Expression and purification of recombinant NrnC from E. coli
To produce and purify the recombinant B. birtlesii NrnC protein expressed in E. coli, we amplified its structural gene from B. birtlesii chromosomal DNA, using a reverse primer that allows the addition of a His 6 -tag at the C terminus of the protein. The fragment was cloned into pBAD24 plasmid. This recombinant plasmid (pBAD24 : : nrnC) was able to rescue the growth defect of E. coli strain UM341 in the absence of Atc (data not shown). However, when introduced into strain JP313, the amount of NrnC protein produced did not allow purification (data not shown). The G+C content of the B. birtlesii genome (37.8 mol%) is lower than that of the E. coli genome (50 mol%). The different G+C content could lead to different codon usage in these two bacteria and potentially to a low expression of a B. birtlesii gene in E. coli.
Therefore, we decided to use a synthetic ba0969 gene (Millegen) with E. coli codon usage coding for a C-terminally His-tagged protein. This synthetic gene (ba0969-s) was cloned into plasmid pBAD24, yielding plasmid pBAD24 : : nrnC-s. Expression of ba0969-s was able to completely rescue the growth defect of the E. coli orn mutant strain UM341 in the presence of arabinose (data not shown). When grown in the absence of Atc, colony sizes of the strain expressing ba0969-s were similar to those of the strain expressing E. coli orn. However, complementation could not be seen when bacteria were grown in the absence of arabinose (data not shown). The amount of NrnC in E. coli strain JP313 was investigated using SDS-PAGE comparing protein extracts of the strain containing the recombinant plasmid with those of the strain containing the empty vector. An additional 24 kDa band was observed only in extracts of the strain containing the recombinant plasmid pBAD24 : : nrnC-s and only when expression was induced by arabinose (data not shown). Strain JP313 carrying pBAD24 : : nrnC-s expressed soluble His-tagged NrnC protein when induced by the addition of arabinose to a concentration of 0.2 %. The protein was purified by Ni-agarose affinity chromatography, yielding a protein that migrated at~24 kDa as a distinct band on SDS-PAGE and was estimated to be at least 95% pure ( Supplementary Fig. S2 , available with the online version of this paper). This mass corresponds well with the predicted value from the amino acid sequence.
NanoRNase activity of NrnC
First experiments to measure nanoRNase activity of NrnC were performed in 50 mM Tris/HCl, pH 8.0, in the presence of 5 mM MgCl 2 or MnCl 2 and showed that NrnC was able to degrade a nanoRNA 5mer (59Cy5-AAAAA39). To define ). The experiment was repeated three times; a representative result is presented. the optimal conditions for nanoRNase activity of NrnC, we first measured activity on a nanoRNA 5mer (59Cy5-AAAAA39) at different pH, in 50 mM Tris/HCl buffer, and in the presence of different divalent cations (magnesium, manganese, cobalt or calcium). Our results clearly indicate that the nanoRNase activity of NrnC was higher at pH 8.0 than at pH 7.0, 7.5 and 9.0 (data not shown). Activity was similar in the presence of manganese or magnesium and considerably lower, but still appreciable, in the presence of cobalt (data not shown). We were unable to detect any activity in the presence of calcium in 50 mM Tris/HCl, pH 8.0, buffer. Therefore, subsequent experiments to measure activity of NrnC were performed in 50 mM Tris/ HCl, pH 8.0, and in the presence of 5 mM MgCl 2 or MnCl 2 . The sequential appearance of reaction products (Fig. 3) resembled Orn-catalysed reactions (Mechold et al., 2007) , and pointed to a similar reaction mechanism (Fig. 3 ). Under the conditions tested, the activity of NrnC measured as the disappearance of substrate 5mers was 8 nmol min 21 mg 21 (Fig. 3) . We also tested the activity of NrnC on other RNA oligos, namely 59Cy5-CCCCC39, 59Cy5-CCC39 and 59Cy5-AAA39, as substrate. NrnC degraded RNA 5mer 59Cy5-AAAAA39 more rapidly than 59Cy5-CCCCC39 (Supplementary Fig. S3 , available with the online version of this paper). RNA 3mer 59Cy5-AAA39 was also degraded more efficiently by NrnC than RNA 3mer 59Cy5-CCC39 (Supplementary Fig. S3 ). In addition, quantification of the activity on different substrates revealed that, similarly to NrnBcatalysed degradation (Fang et al., 2009) , RNA 5mers were a better substrate for NrnC than RNA 3mers.
NanoRNase activity of NrnC is inhibited by pAp
In E. coli, pAp is generated from phosphoadenosine 59-phosphosulfate during sulfur assimilation. In E. coli, pAp inhibits the activity of Orn (Mechold et al., 2006) . In contrast, NrnA from B. subtilis is able to degrade pAp in vitro and in vivo (Mechold et al., 2007) . As a consequence, when expressed in E. coli, nrnA from B. subtilis can restore normal growth of a cysQ mutant grown in the absence of cysteine (Mechold et al., 2007) . We thus wondered whether nrnC from B. birtlesii could restore the growth to an E. coli cysQ mutant (UM285). Complementation assays showed that expression of nrnC did not restore the growth of E. coli strain UM285 in the absence of cysteine (data not shown). We also investigated whether pAp could inhibit the degradation of 59Cy5-AAAAA39 by NrnC nanoRNase activity, using 59Cy5-AAAAA39 as substrate. As shown in Fig. 4 , the presence of 50 mM pAp inhibited NrnC nanoRNase activity.
Activity of NrnC on RNA 24mer
To check whether NrnC specifically degrades nanoRNA, or is active on longer RNAs as well, we tested degradation of an RNA 24mer 59-end labelled with [c- (Fig. 5) . The activity of B. birtlesii NrnC on the 24mer was lower than that on nanoRNA, but was 4.1-fold higher than that of NrnB on 24mers and 830-fold higher than that of B. subtilis NrnA on 24mers (Mechold et al., 2007; Fang et al., 2009 ).
NrnC activity is important for growth in B. henselae
In E. coli, nanoRNase activity of Orn is required for growth (Ghosh & Deutscher, 1999) . When expressed in E. coli, B. birtlesii nrnC can complement the orn mutation. We investigated whether NrnC activity was required for normal growth in Bartonella. Due to the lack of genetic tools, it is presently not possible to generate mutants in essential genes of Bartonella. However, it is possible to analyse the effect of the lack of an essential gene product in this genus via knockdown gene expression. We used pNS2 vector derivatives that had been used previously for knockdown experiments in B. henselae (Gillaspie et al., Fig. 3 . NrnC-catalysed degradation of a nanoRNA 5mer (59Cy5-AAAAA39). The reaction products were separated on 22 % polyacrylamide gels (a). The corresponding reaction products were quantified (b). The estimated activity of NrnC, measured as the disappearance of substrate 5mers, was 8 nmol min "1 mg "1 . The experiment was repeated three times. A representative result is presented.
2009). In spite of numerous attempts, we failed to introduce the pNS2 vector and its derivatives into B. birtlesii. Therefore, we decided to try to determine the effects of knocking down nrnC in B. henselae. The primary sequence of NrnC from B. henselae is 90 % identical to that of NrnC from B. birtlesii. To test whether NrnC from B. henselae has nanoRNase activity in vivo similar to NrnC from B. birtlesii, we cloned nrnC from B. henselae into pBAD24. The plasmid expressing B. henselae nrnC, pBAD24 : : nrnCB.h, was then introduced into E. coli strain UM341 to test for complementation of the lack of Orn. Our experiments demonstrated that expression of NrnC from B. henselae can rescue the growth defect of strain UM341 in the absence of Atc (data not shown). We cloned nrnC of B. henselae into a vector that allowed low-level expression, pNS2Amp, and a vector that allowed high-level expression, pNS2Trc (Gillaspie et al., 2009) . The gene was in the reverse orientation such that the antisense strand was transcribed. Plasmids pNS2Amp, pNS2Trc, pNS2Amp : : nrnC AS and pNS2Trc : : nrnC AS were introduced into B. henselae by electroporation. The strains obtained were tested for growth on blood agar plates and in Schneider's medium. B. henselae containing plasmid pNS2Amp : : nrnC AS grew (data not shown) as well as the two control strains, B. henselae (pNS2Amp) (data not shown) and B. henselae (pNS2Trc). In contrast, the B. henselae strain containing pNS2Trc : : nrnC AS grew more slowly in Schneider's medium (Fig. 6) . The doubling time of the strain carrying pNS2Trc : : nrnC AS (12 h) was longer than that observed for the strain carrying the vector control pNS2Trc (7 h). After 10 days of growth on blood agar plates, colonies produced by B. henselae (pNS2Trc : : nrnC AS ) were much smaller (0.65±0.1 mm) than those formed by B. henselae (pNS2Trc) (0.56±0.09 and 1.15±0.13 mm after 6 and 10 days, respectively). These results show that a decrease in the amount of NrnC slowed the growth of Bartonella, and demonstrate the importance of NrnC activity for the physiology of this alphaproteobacterium.
Phylogenic distribution of NrnC
Searching for NrnC homologues in bacterial genomes sequenced to date showed that this protein is well conserved in all Bartonella. B. birtlesii NrnC was 87-91 % identical to the NrnC homologues found in the six Bartonella genomes present in the databases (http://www.ncbi.nlm.nih.gov/). In addition, we found NrnC homologues in the genomes of many other Alphaproteobacteria with identities ranging from 77 % for Brucella melitensis to 43 % for Candidatus pelagibacter (Supplementary Table S1 , available with the online version of this paper). Other NrnC homologues that fulfilled our criterion of varying less than 20 % in size were found in Cyanobacteria, and were between 42 and 50 % identical to NrnC (Supplementary Table S1 ). Genomes of some Spirochaetes also encode NrnC homologues that are between 44 and 48 % identical to NrnC (Supplementary  Table S1 ). NrnC homologues were absent in Betaproteobacteria and Gammaproteobacteria genomes that harbour homologues of Orn (Mechold et al., 2007) . Also, NrnC homologues were absent in Chlorobi/Bacteridetes and Firmicutes that have NrnA homologues. Thus, NrnC represents a third class of nanoRNase that is mainly present in Alphaproteobacteria and Cyanobacteria. According to its size, NrnC is closer to Orn from E. coli (181 aa) (Ghosh & Deutscher, 1999) than to NrnA (313 aa) (Mechold et al., 2007) and NrnB (399 aa) from B. subtilis (Fang et al., 2009) . Similarity between NrnC and its functional analogues E. coli Orn and B. subtilis NrnA and NrnB was negligible, 22, 16 and 11 % identity, respectively.
DISCUSSION
Exploring Bartonella genomes sequenced to date revealed the lack of homologues for 38 of the 302 essential genes identified in the E. coli genome. These essential genes are, in E. coli, involved in the biosynthesis of haem tetrahydrofolate, thiamine, isoprenenoid, ubiquinone, undecaprenyl-PP, lipid A, phospholipid and murein. Two of these genes are involved in the biosynthesis and export of lipopolysaccharides. In addition, homologues of certain genes involved in cell division, chromosome partitioning, secretion, replication and oligoribonucleotide degradation are also missing in Bartonella genomes. Absence of some of the abovementioned genes can be easily explained by the life style of Bartonella. For example, Bartonella can replicate inside erythrocytes where haem is available. The function of other genes involved in processes such as cell division, DNA replication or oligoribonucleotide degradation are undoubtedly assumed by functional analogues. We demonstrate here that this is the case for Orn, an RNase exoribonuclease that is essential for cell growth in E. coli. Screening for B. birtlesii genes that could complement a conditional lethal mutant of E. coli orn, we identified a gene ba0969 that encodes a polypeptide that has 30 % identity to the catalytic domain of E. coli RNase D. However, the B. birtlesii protein is 206 aa shorter than E. coli RNase D (375 aa) (Zuo et al., 2005) , and the two C-terminal domains, HRDC1 and HRDC2, are not P]ATP-labelled RNA 24mers (59CACCACCACCACCACC-ACCACACA39) by NrnC. Samples were taken after 0.5, 2, 5, 10, 20, 40 and 60 min and analysed as described in Methods. The negative control was performed in the absence of NrnC. M, decade marker; H, alkaline hydrolysis control; C, negative control. The experiment was repeated three times; a representative result is presented. Fig. 6 . Effect of nrnC knock down on growth of B. henselae. Strains B. henselae (pNS2Trc) and B. henselae (pNS2Trc : : nrnC AS ) were cultured in Schneider's medium, collected after 5 days growth on BHI blood agar plates and suspended in PBS buffer. The bacterial suspension was used to inoculate Schneider's medium at an OD 600 of 0.05. Cultures were grown with shaking at 35 6C in the presence of 5 % CO 2 and OD 600 was measured on days 2, 4, 6 and 7 after inoculation. All experiments were repeated three times. present in NrnC. Despite the similarities between RNase D and NrnC, it is noteworthy that RNase D from E. coli cannot replace Orn and was found to be essentially devoid of oligoribonuclease activity in vitro (Yu & Deutscher, 1995) .
Biochemical characterization of NrnC from B. birtlesii clearly showed that this protein can degrade nanoRNA in the presence of magnesium or manganese. In both cases, the specific activity of NrnC is higher than those measured for B. subtilis NrnA and NrnB (Mechold et al., 2007) .
The nanoRNase activity of NrnC is higher at pH 8.0-9.0 than at pH 7.0, similar to what was shown to be optimal for Orn from E. coli . As shown in this report, NrnC can also degrade RNA 24mers. To our knowledge, Orn from E. coli was not tested on oligos of a similar length or longer. However, exploring the activity on 2-to 5mers, we noted the general tendency of decreased reaction rate with increasing chain length . The activity of NrnA from B. subtilis on 24mer oligos was shown to be insignificant (Mechold et al., 2007) . Despite the fact that NrnB from B. subtilis is more active on RNA 24mers compared with NrnA, this activity is nevertheless three orders of magnitude lower than the activity on nanoRNA (Fang et al., 2009) . For NrnC, the activity on RNA 24mers (8.3 pmol min 21 mg 21 ) is 1000 times lower than the activity on nanoRNA (8 nmolmin 21 mg 21 ). Hence all these enzymes strongly prefer nanoRNA over longer RNA substrates. Similar to Orn activity (Mechold et al., 2006) , the nanoRNase activity of NrnC is strongly inhibited by pAp. In contrast, the nanoRNase activity of NrnA is not sensitive to pAp at low concentrations. However, pAp is a substrate for NrnA and as such pAp can compete with nanoRNA for degradation by NrnA. In agreement with this in vitro activity, NrnA can restore the growth of an E. coli strain impaired in pAp degradation due to the lack of a functional CysQ and thus enables this strain to grow in the absence of cysteine (Mechold et al., 2007) . NrnC from B. birtlesii cannot restore growth of the E. coli cysQ mutant, and hence pAp is not a substrate for this enzyme.
NrnC is present and well conserved in the genomes of Bartonella species. In agreement with this observation, we show that the NrnC homologue from B. henselae could equally complement an E. coli orn mutant, pointing to conserved function of NrnC homologues.
Orn is essential in E. coli and its function cannot be assumed by any other RNase. In contrast, growth of B. subtilis is not affected in the absence of NrnA and NrnB, and it seems that other RNases can substitute for their function (Fang et al., 2009) . Comparison of growth rates of B. henselae carrying pNS2Trc : : nrnC AS (doubling time 12 h), and the corresponding vector control (doubling time 7 h) shows that knocking down nrnC in B. henselae slows growth. This result suggests that a full nanoRNase activity of NrnC is important for optimal growth at least in this Bartonella species and that other RNases cannot take over this function. Hence, similar to E. coli, in Bartonella only one enzyme, here NrnC, might be responsible for nanoRNA degradation.
NrnC homologues can be found in the genomes of numerous alphaproteobacteria with identities in the range 48.8-77 %. Additional NrnC homologues are present in Cyanobacteria genomes and are between 45.9 and 51.2 % identical to NrnC. Members of the genera Alphaproteobacteria and Cyanobacteria do not contain Orn, or NrnA or NrnB homologues. We propose that NrnC homologues fulfil the function of degrading nanoRNA in these organisms. Thus, NrnC represents a new, third member of the family of proteins that are specialized in degrading nanoRNA.
As reported here, 38 of the 302 essential E. coli genes do not have homologues in Bartonella genomes. The essential functions of these gene products may therefore be encoded by functional analogues of these genes. Here, we identify one of these functional analogues. Similarly, it might be possible to identify further functional analogues of essential E. coli genes by screening a genomic library of Bartonella species for genes that complement the corresponding conditional E. coli mutants. This would contribute to a better understanding of the physiology of Bartonella, which encounter various environments during their invasion of erythrocytes and endothelial cells, or during their presence inside arthropod guts and faeces.
